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Abstract Plants use programmed cell death (PCD) as a
tool in their growth and development. PCD is also involved
in defense against different kinds of stresses including
pathogen attack. In both types of PCD, reactive oxygen
species (ROS) play an important role. ROS is not only a
toxic by-product but also acts as signaling molecule that
can trigger defense mechanisms in plant. Earlier tran-
scriptome studies indicated the activation of ROS respon-
sive and/or generating genes. Eight genes were selected
with a potential role in ROS-induced PCD pathway and
one of them, encoding the zinc finger protein ZAT11 (Zinc
Arabidopsis thaliana11) exhibited an altered cell death
phenotype. Two independent zat11 mutants in a loh2 (LAG
one homologue2) genetic background showed enhanced
tolerance to paraquat-induced oxidative stress and PCD;
whereas, these double mutants exhibited cell death trig-
gered by Alternaria alternata f. sp. lycopersici-toxin
(AAL-toxin) or 3-aminotriazole (AT). This indicates that
ZAT11 is involved in an intricate oxidative stress-induced
PCD network, and the final outcome depends on ZAT11
interactions with other players specific for the particular
types of oxidative stress.
Keywords AAL-toxin  Arabidopsis  Paraquat 
Programmed cell death  Reactive oxygen species  ZAT11
Introduction
Programmed cell death (PCD) is a highly organized and
genetically controlled suicidal process. PCD takes place
during growth and development, e.g., embryo develop-
ment, seed germination, tracheary element differentiation,
anther development, self-incompatibility, formation of lace
leaf shape, and leaf senescence (Gunawardena 2008; Ito
and Fukuda 2002). In addition, PCD can occur in response
to external stress such as high light/temperature, drought,
and salinity, and during pathogen attack. Pathogen attack
can induce PCD at the site of infection, a process known as
the hypersensitive response (HR) in incompatible plant-
pathogen interactions (Coll et al. 2011). Conversely, nec-
rotrophic pathogens secrete toxins that trigger PCD in plant
host cells. Thus, the dead cells serve as a source of nutri-
ents for the pathogens (Van Breusegem and Dat 2006).
Singlet oxygen (1O2), superoxide radical (O2
-), hydro-
gen peroxide (H2O2), and the hydroxyl radical (HO
•) are
collectively termed as reactive oxygen species (ROS). ROS
act as important modulators of many biological functions.
They are generated as by-products of two essential pro-
cesses, photosynthesis and respiration. The production of
ROS takes place mainly in the chloroplasts, mitochondria,
in the cytosol, and in peroxisomes (Halliwell 2006).
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Excessive ROS produced under adverse environmental
conditions can be either toxic or have signaling functions.
The prolonged exposure to stress produces elevated con-
centrations of ROS resulting in damage to cellular proteins,
pigments, lipids, and DNA, which in turn leads to cell
death. At lower concentrations, ROS orchestrate global
changes in gene expression and, depending on the inter-
action with other signaling molecules, can result in stress
acclimation or PCD (Gechev et al. 2006). A number of
genes including EXECUTER1 (Wagner et al. 2004) are
involved in the signaling events and the genetic control of
ROS-modulated PCD.
Necrotrophic pathogens such as Alternaria alternata
trigger PCD in plants by secreting host-selective Alternaria
alternata f. sp. lycopersici-toxin (AAL-toxin). AAL-toxin
hinders the activity of ceramide synthase (Sphinganine
N-acyltransferase; EC: 2.3.1.24), resulting in the inhibition
of sphingolipid biosynthesis. Sphingolipids are essential
components of the endomembrane systems in eukaryotes.
Inhibition of ceramide synthase leads to the accumulation
of ceramide precursors and depletion of sphingolipids. The
outcome of this disturbed balance is cell death. The fungus
utilizes dead cells as a nutrient source. Tolerance to AAL-
toxin is governed by the Alternaria stem canker (Asc) gene
in tomato. The Asc gene is homologous to the yeast lon-
gevity assurance gene1 (LAG1) (Brandwagt et al. 2000;
Spassieva et al. 2002). Arabidopsis thaliana is relatively
insensitive to the effects of AAL-toxin treatment. A
knockout in Arabidopsis, homologous to the Asc gene, was
identified. This knockout, loh2 (LAG one homologue2),
rendered mutant plants sensitive to AAL-toxin. The AAL-
toxin treated mutant plants show all the hallmarks of PCD.
A microarray analysis of loh2 treated with AAL-toxin
identified a number of genes associated with the ROS and
the ethylene signaling pathways. In addition, genes
encoding a variety of proteases were amongst the earliest
induced genes, indicating a role of these proteases in PCD
(Gechev et al. 2004).
The loh2 mutant also demonstrates sensitivity to ROS-
inducing herbicides such as 3-aminotriazole (AT) and
paraquat (PQ; known as methyl-viologen) (Gechev et al.
2005; Gechev et al. 2008; Qureshi et al. 2011). AT is a
specific inhibitor of antioxidant enzymes known as cata-
lases. Catalases (EC: 1.11.1.6) are involved in the detoxi-
fication of H2O2 inside the plant cell. Thus, the inhibition
of catalases results in the accumulation of H2O2. Conse-
quently, higher concentrations of H2O2 trigger PCD
(Gechev et al. 2002; Zimmermann et al. 2006). PQ is
herbicide, which has the ability to induce oxidative stress
in chloroplasts. Application of PQ triggers elevation of
ROS (O2¯) in chloroplasts during photosynthesis by donat-
ing an electron to oxygen. The accumulation of ROS can
subsequently lead to PCD. Tolerance to PQ can be
achieved by blocking the ROS signaling pathway or by
increased activity of antioxidant enzymes (Chen et al.
2009; Fujibe et al. 2004).
A massive array of genes were shown to be regulated
during microarray studies of cell death caused by AAL-
toxin or AT in loh2 mutants. AAL-toxin triggered more
than 3.5-fold modulation of 81 genes in rosette leaves of
loh2 7 h after treatment (Gechev et al. 2004). Similarly,
treatment of loh2 seedlings with AT provoked expression
changes of 219 genes with at least five-fold increase or
decrease 4 days after germination (Gechev et al. 2008).
More recently, gene expression specific for AT and PQ was
observed in mature loh2 plants (Mehterov et al. 2012).
Some of the highly regulated genes were not previously
linked to PCD, and many of them are involved in plant
development and associated with oxidative stress. In
addition, the function of some of these genes was not
elucidated before (Gechev et al. 2008). The question
remains whether these genes have an important role in the
regulation of PCD. The aim of the present study is to
establish whether there is a functional role of some of the
regulated genes in relation to PCD. Eight genes were
selected which are modulated at early time points during
the cell death process triggered by AAL-toxin and/or AT
treatment. The behavior of mutants of those selected genes
was studied in the loh2 background.
Materials and methods
Selection of T-DNA insertion lines and establishing
double mutants
Eight genes were selected from the microarray analysis on
AAL-toxin and AT-induced transcriptional alterations in
loh2 (Table 1). Two independent T-DNA knockouts, hav-
ing the T-DNA insertion at a different location in the gene,
were selected from the TAIR database (www.arabidopsis.
org) for each gene, to avoid potential artifacts (Fig. 1).
Seeds for the knockouts used in this study were obtained
from the Nottingham Arabidopsis Stock Centre (NASC),
University of Nottingham, UK (Table 2). Homozygous
plants from each T-DNA line were identified after
screening the population, obtained from NASC, by utiliz-
ing PCR. The DNA was extracted from the leaves using the
SHORTY method (http://www.biotech.wisc.edu/NewServices
andResearch/Arabidopsis/FindingYourPlantIndex.html). The
PCR screening was conducted using either of the gene-
specific forward or reverse primer and a primer for the left
border of the T-DNA insert (Supplementary Table 1). For
WRKY 75, an RNAi line was exploited as a second mutant,
as the PCR product for the T-DNA insert proved difficult to
be synthesized (Devaiah et al. 2007). The homozygous
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T-DNA mutants were crossed to loh2. The crosses were
made using loh2 as an ovule source and T-DNA mutant as a
pollen source. The double mutants were screened using the
PCR method described earlier for the identification of the
T-DNA insert and loh2. For loh2, a 200 nM AAL-toxin
infiltration method was also utilized as a second screening
criterion. The AAL-toxin induces necrosis 3 days after
treatment of homozygous loh2 plants. The loh2 phenotype is
recessive; therefore, the F1 population of the cross between
either of the homozygous T-DNA insert and loh2 were
unable to develop necrotic symptoms. The F2 population
was developed to obtain the loh2 phenotype.
Total RNA was isolated from leaves of 1 month old
plants using NucleoSpin RNA Plant kit (Macherey–Nagel,
Germany). 1 lg of DNA-free total RNA was used for
reverse transcription. Oligo (dT) primers were used for the
reverse transcription. The relative expression of ZAT11 in
single and double mutants, in relation to the endogenous
control gene AAA ATPase, was assessed using qRT-PCR.
The qRT-PCR was performed using a 7500 Real Time
PCR system (Applied Biosystems). The following genes
and corresponding primer pairs were used in the qRT-PCR
analysis: ZAT11 (At2g37430), primer pair ACCAACATA
CCGAGAGCCATAC and TTGACCTATGCCGTCTCAT
GTG; AAA ATPase (At3g28580), primer pair GGCAATC
TTTCTCGTTTTACCC and GCTCTATCGTCTTCCCTT
CTCTC. The primers were designed from the coding
regions of the genes. The PCR reaction mixture contained
cDNA, 2x Power SYBR Green Master mix (Applied Bio-
systems, Foster City, CA, USA), and 2 lM each of the
primer pairs for ZAT11 and AAA ATPase. Thermal
cycling conditions were set at 95 C for 10 min followed
by 40 cycles of 95 C for 15 s and 60 C for 1 min, and
then, followed by a dissociation stage to check for the
presence of nonspecific PCR products. PCR products were
run on a 1 % agarose gel to assess the specificity of the
amplicons. Gene expression (fold change) for zat11 single
and double mutants was compared with the wild type
Table 1 Genes with a potential role in programmed cell death
Sr.
no.
AGI code Description 7 h, 24 h, 48 h,
72 h AAL
AT Remarks
1. AT2G37430 Putative C2H2-type zinc finger
protein (ZAT11)
4.5, 3.0, 3.99, 6.72 2.56 Role in ROS-mediated PCD




1.00 Induced during pathogen attack and oxidative stress
3. AT1G62300 AtWRKY6 1.13, 1.58, 8.50,
8.07
1.27 Induced during pathogen attack and oxidative stress
conditions




2.77 Involved in antioxidant metabolism and oxidative
burst
5. AT1G32960 Subtilisin-like serine protease
(SBT3.3)
2.1, 2.9, 12.9, 84.9 –1.15 Processing of bioactive cell wall peptides
6. AT4G28850 Xyloglucan endotransglycosylase
(XTH26)
1.92, 1.0, 0.98, 1.0 –32.34 Loosening of cell wall for cell growth, repression may
inhibit plant growth




–30.59 Loosening of cell wall for cell growth, repression may
inhibit plant growth
8. AT4G26320 Arabinogalactan (AGP13) 0.84, 0.6, 1.7, 0.75 –10.43 Regulator of cell growth and mediator of cell–cell
intraction
Eight genes were selected from the studies conducted by Gechev et al. (2004) and Gechev et al. (2008) and their expression during the AAL-
toxin- and AT-induced cell death given as fold change
Fig. 1 T-DNA insertion sites of the eight genes selected for the
functional studies. The length of genes and their orientation have been
normalized. The asterisk indicates the 50 to 30 promoter region of a
gene. Two separate mutants for each gene, with independent T-DNA
insertions, were utilized for the study. Relative position of each
T-DNA insertion is depicted by an inverted triangle. In case of
WRKY75-2, an RNAi insertion line was incorporated in the study
Acta Physiol Plant (2013) 35:1863–1871 1865
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Colombia (Col) and calculated using the comparative
threshold (2-DDCt) method (Livak and Schmittgen 2001).
ZAT11 gene expression was normalized to that of the
control AAA ATPase gene during the quantitative
measurement.
Growth conditions and cell death estimation
Arabidopsis thaliana ecotypes Col and Wassilewskija (Ws)
along with loh2 single and double mutant plants were
germinated and grown on soil under the following growth
conditions: 14 h light/10 h dark period, photosynthetic
photon flux density 100 lmol m-2 s-1, 22 C, and relative
humidity of 70 %. An organic-rich c-ray radiated soil was
used from Hortimea Groep, Elst, The Netherlands. Four
weeks old plants were used for the experiments. The plants
were sprayed either with water, 15 lM PQ or 20 mM AT;
whereas 200 nM AAL-toxin solution was infiltrated in the
leaves using a syringe without a needle (Willekens et al.
1997). AAL-toxin solution was injected into the intercel-
lular spaces through leaf mesophyll by applying gentle
pressure to the syringe until the whole leaf is soaked with
the solution. The soaked areas appear as dark green, which
disappears within 1 h after infiltration. Water infiltrated
plants were used as controls. Samples were taken 7, 24, 48,
and 72 h after PQ/AT/AAL-toxin treatments. Cell death
was determined as electrolyte leakage from the leaves by
measuring the increase in conductivity. The leaf samples
were immersed in ultrapure water for 30 min, and the
conductivity of the solution measured was with an LF-91
conductivity meter. The samples were then autoclaved for
a few minutes in the same solution, and the conductivity
was measured again as total conductivity. The increase in
electrolyte leakage is expressed as percent of the total
conductivity.
Stress assays and chlorophyll measurement
Seeds of the wild type, single, and double mutants were
plated on petri dishes with Murashige and Skoog (MS) salts
including vitamins, 1 % sucrose, and 0.8 % agar contain-
ing either 0, 0.5, 1 lM PQ; 0, 5, 7, 9 lM AT; 0, 20, 40, 60
nM AAL-toxin solution. Surface sterilized seeds were used
for experiments. The seeds were surface sterilized with
gaseous chlorine derived from sodium hypochlorite with
4 ml of fuming hydrochloric acid in a closed glass con-
tainer. The seeds were grown in a climate room with 16 h
light/8 h dark period with a temperature of 22 C and
relative humidity of 65 %. The light intensity was set at
120 lmol m-2 s-1. Stress tolerance was evaluated by
measuring fresh weight and chlorophyll content. The
samples were taken on the 7th day after germination in
case of PQ treatment and on the 12th day after germination
in case of AT and AAL-toxin treatment. Chlorophyll
content was quantified spectrophotometrically. The pig-
ments from seedlings were extracted with 80 % acetone at
4 C overnight. The absorption of chlorophyll a (chyl a)
and b (chyl b) were measured at 663 and 647 nm, respec-
tively. Chlorophyll content was calculated as microgram
per milligram fresh weight (Inskeep and Bloom 1985).
Table 2 Mutants of the eight genes used in the functional studies to evaluate their potential role in programmed cell death
Sr. no. AGI code Genomic size (bp) Knockout Given name Type of insert T-DNA insertion site
1. AT2G37430 868 SALK 110012 zat11-1 T-DNA Promoter
SALK 013996 zat11-2 T-DNA Promoter
2. AT5G13080 1,411 SALK 101367 WRKY75-1 T-DNA Promoter
RNAi line WRKY75-2 RNAi insert
3. AT1G62300 2,597 SALK 059863 WRKY6-1 T-DNA Promoter
SALK 012997 WRKY6-2 T-DNA Exon
4. AT5G51060 5,148 SALK 018814 RHD2-1 T-DNA Exon
SALK 049688 RHD2-2 T-DNA Promoter
5. AT1G32960 3,344 SALK 107460 SBT3.3-1 T-DNA Exon
SALK 117861 SBT3.3-2 T-DNA Exon
6. AT4G28850 1,663 SALK 087890 XTH26-1 T-DNA Exon
SALK 124397 XTH26-2 T-DNA Exon
7. AT2G18800 1,354 SALK 057963 XTH21-1 T-DNA Promoter
SALK 124779 XTH21-2 T-DNA Promoter
8. AT4G26320 371 WiscDsLox495C10 AGP13-1 T-DNA Promoter
SAIL 309 F04 AGP13-2 T-DNA Exon
Two independent knockouts/RNAi lines were chosen for each gene
1866 Acta Physiol Plant (2013) 35:1863–1871
123
Results
Based on the microarray analysis of AAL-toxin-induced
cell death in loh2, 81 genes were identified as significantly
regulated early in the process 7 h after AAL-toxin treat-
ment. These genes play a crucial role not only during plant
growth, development, and defense, but also in relation to
ROS-induced PCD (Gechev et al. 2004). Eight target
genes, which are the entities of respective gene families,
were selected for further experiments (Table 1). The
selection is based upon a potential role of the selected
genes as a regulatory element during PCD. Interestingly,
the expression of the genes under investigation was also
altered during AT triggered cell death in loh2 (Gechev
et al. 2008). Two independent T-DNA mutants for each
gene were used for the experiments. These mutants were
either in the promoter or in the exon regions. Morpholog-
ical differences were not observed between either of the
single mutant and wild type plants grown in soil under
normal growth conditions (data not shown). Each of the
independent mutants was crossed with loh2. The double
mutants were screened as described earlier for further
analysis. We conducted physiological experiments by uti-
lizing different concentrations of either PQ, AT, and AAL-
toxin. These agents were added to MS media containing
the seeds of wild types and mutants or sprayed on (PQ/AT),
or infiltrated in (AAL-toxin) the leaves of 4 weeks old
plants. Measurement of cell death was calculated as elec-
trolyte leakage (Supplementary Table 2–5).
Identification of zat11 as modulator of paraquat-
induced cell death
AAL-toxin, AT, and PQ induces different kinds of oxida-
tive stress (Gadjev et al. 2006; Gechev et al. 2004; Gechev
et al. 2006). To further investigate the role of these eight
genes, we subjected their respective knockout mutants as
well as appropriate controls to three types of oxidative
stress-induced cell death: cell death triggered by AAL-
toxin, by the catalase inhibitor AT, and by PQ.
Alternaria alternata f. sp. lycopersici (AAL)-toxin
induced cell death
The cell death caused by AAL-toxin was light-dependent
and displayed the classic PCD symptoms in loh2 (Gechev
et al. 2004). Seeds from the single (T-DNA gene knockout)
and double mutants (loh2 X T-DNA gene knockout) were
germinated on MS media supplemented with 20, 40 or
60 nM AAL-toxin. Cell death was measured as loss of
fresh weight and chlorophyll content. Decrease in fresh
weight and chlorophyll content was observed with the
increase in AAL-toxin concentrations (Supplementary
Tables 2 and 3). Reduction in the seedling size was
observable in case of loh2 and all of the double mutants
12 days after germination on MS media supplemented with
20 nM AAL-toxin. Partial to complete seedling, bleaching,
in the case of loh2 and double mutants, was observed when
applying 40 and 60 nM AAL-toxin treatments. The double
mutants presented no significant differences when com-
pared to loh2 (Supplementary Tables 2 and 3). Single
mutants as well as wild type seedlings developed no cell
death symptoms when germinated on MS media supple-
mented with either of the 20, 40 and 60 nM AAL-toxin
concentrations.
The loh2 mutant plants exhibited necrotic lesions and
increased electrolyte leakage 72 h after infiltration of
4 weeks old leaves with 200 nM AAL-toxin. In contrast,
the leaves of the wild type and single mutants displayed no
signs of necrosis (data not shown). The double mutants
demonstrated similar death symptoms, comparable to loh2,
72 h after AAL-toxin treatment (data not shown).
3-Aminotriazole (AT) induced cell death
Seeds from the knockouts and double mutants were ger-
minated on MS media supplemented with 5, 7 or 9 lM AT.
The cell death was evaluated 12 days after germination.
All the lines revealed reduction of fresh weight and chlo-
rophyll contents with the increase of AT concentrations
from 5 to 9 lM. Yellowing of the leaves was observed
starting from the petiole. In addition, root development was
retarded compared to controls. A considerable increase in
chlorophyll bleaching was observed in all the plants
germinated in media containing 7 lM AT. Additional
intensity of chlorophyll bleaching and root retardation was
observed in the seedlings germinated on MS media
supplemented with 9 lM AT. There were no significant
differences among the mutants (Supplementary tables 2
and 3).
Treatment of one-month-old plants by spraying 25 lM
AT resulted in bleaching of the leaves. The losses of viable
cells were evaluated as increase in the electrolyte leakage
(Supplementary Table 4). This phenomenon was observed
both among the mutants and the wild type. There were no
significant differences in single and double mutants.
Paraquat (PQ) induced cell death
The overall death was evaluated as the loss of fresh weight
and chlorophyll contents 7 days after germination of seed-
lings from single and double mutants. Significant reduction
in fresh weight and chlorophyll contents was observed in the
mutants as well as in the wild type grown in the media
supplemented with 0.5 lM PQ. The seedling size was
greatly reduced in all cases. Death symptoms were observed
Acta Physiol Plant (2013) 35:1863–1871 1867
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at 1 lM PQ treatment. The seedlings were unable to develop
beyond cotyledon leaves compared to controls (data not
shown). No significant differences were observed in all
double mutants, when compared to single T-DNA mutants
and wild type plants (Supplementary Tables 2 and 3).
In case of a spraying experiment using 15 lM PQ on
4 weeks old plants, visible necrosis and bleaching symp-
toms were detected in all cases at different intensities as
early as 24 h after treatment. The necrosis symptoms were
observable as patches after 72 h of PQ treatment (data not
shown). The loss of viable cells was evaluated as increase
in the electrolyte leakage (Supplementary Table 4). A
significant amount of electrolyte leakage was characteristic
for loh2. Most of the single and double mutants did not
show any significant change in the electrolyte leakage,
similar to that recorded in either loh2 or wild type plants.
Interestingly, a cross between loh2 and each of the ZAT11
T-DNA insertion lines showed significant differences
compared to their respective single mutants, when sprayed
with 15 lM PQ (Supplementary Table 4; Fig. 3). Two
independent T-DNA knockouts zat11-1 and zat11-2 in the
promoter region of the ZAT11 gene were selected for the
study. The mutants were further analyzed for expression of
the ZAT11 gene in zat11-1 and zat11-2 single and their
respective double mutants with loh2 at the RNA level. The
quantitative real-time PCR (qRT-PCR) indicated that the
ZAT11 gene is highly repressed in zat11 single and double
mutants (Table 3; Fig. 2). Both the single mutants exhib-
ited increased susceptibility toward PQ when compared to
Col. However, electrolyte leakage was less than that in Ws
and loh2 (Fig. 3). A cross between each of the knockouts
(zat11-1 and zat11-2) and loh2 is represented as loh2/
zat11-1 and loh2/zat11-2. In both cases, a decrease in
electrolyte leakage was observed in comparison with loh2,
when treated with 15 lM PQ concentration. Interestingly, a
similar reduction in electrolyte leakage was detected in
both the double mutants compared to their respective zat11
single mutants (Fig. 3).
Discussion
Some of the genes under investigation, or their family
members, have been previously associated with various
types of stress conditions. For example, the expression
pattern of AtWRKY6 was related to boron deficiency,
senescence and during bacterial infection (Chen et al.
2009; Kasajima et al. 2010; Robatzek and Somssich 2002).
Similarly, AtWRKY75 was reported to play a role in the
regulation of phosphate deficiency and during senescence
in plants (Devaiah et al. 2007; Guo et al. 2004). ROS
production by NADPH oxidase, encoded by the AtRboh
gene family in Arabidopsis, plays a crucial role in plant
defense against pathogen infection (Torres and Dangl
2005; Yun et al. 2011). Arabinogalactan proteins (AGP)
participate in the growth and development of plants. In
addition, AGPs were reported to be involved in the cross-
talk with salicylic acid and defense response gene PR1
(Gaspar et al. 2004). Certain indications suggest that AGPs
also play a role in PCD (Chaves et al. 2002). The above
studies indicate that the genes under investigation here
(Table 1) may have a role in the plant defense response
against different stresses, including PCD. Significant
change in cell death symptoms was not observed in T-DNA
knockouts of these genes as well as in the knockouts in a
loh2 background. However, these genes were regulated
during AT and AAL-toxin induced cell death. Based upon
current studies, it can be presumed that these genes play an
indirect role in relation to the PCD pathway triggered by
either PQ, AT, and AAL-toxin.
Slight variations in the cell death symptoms were
detected in the case of single mutants for WRKY6,
WRKY75, RHD2, SBT3.3, XTH21, XTH26, and AGP13
and the respective double mutants with loh2 (Supplemen-
tary Tables 2–5). We were unable to observe a clear
Table 3 Relative expression analysis of zat11 single and double mutants
Col zat11-1 loh2/zat11-1 zat11-2 loh2/zat11-2
Relative expression 1.00 7,8784E ? 75 1,16396E ? 77 4,1768E ? 68 5,20733E ? 70
±1,08882E ? 76 ±1,60863E ? 77 ±5,77247E ? 68 ±7,19668E ? 70
Plants were grown on soil under standard climate room conditions. Leaf samples for qRT-PCR analysis were taken 1 month after germination.
The values indicate relative expression compared to Col. Data represents 2-DDCt ± SD
Fig. 2 qRT-PCR profile for ZAT11 gene expression in wild type
Arabidopsis thaliana ecotype Col and zat11 knockout mutants. The
ZAT11 expression is compared to the endogenous gene AAA ATPase
1868 Acta Physiol Plant (2013) 35:1863–1871
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phenotype in either case. Failure to attain the phenotype, in
single and double mutants, can be explained by functional
redundancy. In multigene families, the mutation of a single
member seldom exhibits an altered phenotype, probably
due to overlapping functional redundancy. In the case of
AtWRKY54 knockout lines, the resistance to pathogen
infection (Peronospora parasitica) was not only compro-
mised, but also the transient expression of several WRKY
genes was altered (Kalde et al. 2003). The Arabidopsis
mutants, wrky25 and wrky33, were unable to develop a
NaCl-sensitive phenotype independently, although increase
in transcription level was observed in microarray analyses
of Arabidopsis roots. However, wrky25 and wrky33 double
mutants exhibited moderate sensitivity to NaCl stress
(Jiang and Deyholos 2009). Comparable results were
obtained in the case of AGP6 and AGP11 in relation to the
development of viable pollen grains (Coimbra et al. 2009).
Similar effects were observed in other gene families
involved in plant development, hypersensitive response,
and senescence (McLellan et al. 2009; Motose et al. 2004).
Therefore, the loss of function of these genes might be
overcome by other members of the same gene family. In
addition, some of these target genes (SBT3.3, XTH21,
XTH26 and AGP13) are directly involved in plant growth
and development. Consequently, based upon the results, it
can be proposed that these genes might not have a direct
role in the PCD pathway when plants are challenged by
different stresses triggered by PQ, AT, or AAL-toxin.
Moreover, some of the T-DNA inserts are in the promoter
region, which indicates that these genes might not be
knocked out. Therefore, these mutations were unable to
produce an effect during cell death induced by either PQ,
AT, or AAL-toxin. Wang (2008) reviewed 1,084 insertion
mutants in 755 Arabidopsis genes. He found that the
T-DNA insert in the promoter results in a knockout in only
41 % of the cases.
Role of zinc Arabidopsis thaliana11 (ZAT11) in
ROS-induced programmed cell death
The loh2/zat11-1 and loh2/zat11-2 were the only combi-
nation of double mutants that gave significant results
compared to loh2, when leaves were treated with PQ
(Fig. 3; Supplementary Table 4). The loh2/zat11-1 and
loh2/zat11-2 double mutants exhibited much lower rates of
electrolyte leakage, 4.42 and 5.52 %, respectively, than
loh2 (68.6 %) 72 h after treatment with PQ. Interestingly,
the electrolyte leakage was also reduced in each of the
double mutants when compared to their respective single
mutants (12.0 and 12.7 % for the single mutants, respec-
tively). However, any altered phenotype, in relation to cell
death symptoms, was not recognizable in loh2/zat11-1 and
loh2/zat11-2 when treated with AT or AAL-toxin. This
might be due to the indirect effects of AT and AAL-toxin
in comparison with PQ treatment. AT and AAL-toxin
inhibited the activity of catalases and ceramide synthase,
respectively. As a result, ROS levels increase inside the
cell and trigger the PCD process. However, PQ induces
ROS stress directly inside the chloroplasts by providing an
electron to an oxygen molecule during photosynthesis. In
addition, variations in cell death symptoms were not
observed in the 7 day old seedlings of the double mutants,
in comparison with loh2. This might be because different
genes are differentially regulated at different develop-
mental stages of the plants. PQ causes severe oxidative
stress during photosynthesis; seedlings of the double
mutants are unable to overcome the oxidative stress. An
effect of the mode of application of PQ cannot be excluded,
Fig. 3 zat11 knockouts
demonstrate alterations in
paraquat-induced cell death.
Electrolyte leakage expressed as
conductivity was used to
evaluate the amount of cell
damage and death. Four weeks
old plants were sprayed with
15 lM PQ. Water treated plants
were used as controls. Cell
death was determined as the
increase in conductivity and
calculated as the percentage of
total conductivity obtained after
boiling the samples, at 7, 24, 48,
and 72 h after treatment.
The data are represented as
means of three biological
replicates ± SD
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as PQ was taken up by the seedlings through the root
system compared to spraying the leaves of the 4 weeks old
plants.
ZAT11 is a member of the zinc finger proteins (ZFP)
gene family. ZFPs play a key role in cellular functions of
eukaryotes (Englbrecht et al. 2004). They are not only
involved in plant growth and development, but also in plant
stress and activation of the defense response (Huang et al.
2009; Wang et al. 2005). Interestingly, ZAT10 plays a dual
role in plant defense against salinity, heat, and osmotic
stress in Arabidopsis. ZAT10 overexpression as well as
knockout, and RNAi line confers tolerance to salinity and
osmotic stress. ZAT10 is either functionally attributed to
trigger the activation of the ROS response by activating
ascorbate peroxidase 2 (Apx2) and Fe-superoxide dismu-
tase1, or it suppresses plant defense against salinity and
osmotic stress (Mittler et al. 2006). ZAT12, another close
relative of ZAT11, is a versatile player in plant reactions to
stress conditions. ZAT12 responds to a number of abiotic
stresses such as oxidative, osmotic, salinity, high light, and
temperature stress (Davletova et al. 2005). ZAT12 was
found to be important in the regulation of cytosolic Apx1
enzymatic activity and for the expression of WRKY25 and
ZAT7 during oxidative stress. The expression of ZAT7,
ZAT12, and WRKY25 is increased in the Arabidopsis
Apx1 mutant. This might be due to the accumulation of
H2O2 in the mutant caused by the lack of Apx1 activity.
ZAT7 and ZAT12 overexpressing plants were able to tol-
erate oxidative stress, unlike WRKY25 transgenic plants.
However, ZAT12-deficient plants were more sensitive to
H2O2 or PQ and had reduced expression of Apx1, when
compared to ZAT7 or WRKY25 mutants during oxidative
stress (Rizhsky et al. 2004).
Conclusions
Our data suggest that ZAT11 plays a role in PQ-induced
oxidative stress. Interestingly, zat11 T-DNA mutants
demonstrate increased cell death symptoms compared to
the respective double mutants with loh2 (Fig. 3). It might
be possible that ZAT11 plays an indirect role in ROS-
induced PCD. ZAT11 produced an effect, in case of loh2/
zat11 double mutants, when the mutants were subjected to
oxidative stress caused by PQ. However, the specific
interaction of ZAT11 and the loh2 locus in relation to
oxidative stress is unclear. Further analysis of loh2/zat11
double mutants might be useful to explain the interaction of
both genes. Also, incorporation of mutant plants over-
expressing ZAT11 may provide a valuable clue in this
regard.
The data presented in this paper demonstrates a role of
ZAT11 in PQ-induced oxidative stress. The lack of
phenotype in the other types of ROS-induced oxidative
stress and cell death may reflect the specificity of signaling
during PQ-stimulated PCD and the need of interaction with
additional molecular partners. Further molecular analysis
of transcriptome and metabolome in single and double
mutant zat11 backgrounds could provide valuable insights
on the precise mechanisms leading to oxidative stress
tolerance.
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